Summary
Vibrio cholerae neuraminidase (VCNA) plays a significant role in the pathogenesis of cholera by removing sialic acid from higher order gangliosides to unmask GM1, the receptor for cholera toxin. We previously showed that the structure of VCNA is composed of a central β-propeller catalytic domain flanked by two lectin-like domains, however the nature of the carbohydrates recognised by these lectin domains has remained unknown.
We present here structures of the enzyme in complex with two substrates, α-2,3-sialyllactose and α-2,6-sialyllactose. Both substrate complexes reveal the α-anomer of N-acetylneuraminic acid (Neu5Ac, NANA) bound to the Nterminal lectin domain, thereby revealing the role of this domain. The large number of interactions suggest a relatively high binding affinity for sialic acid, which was confirmed by calorimetry, which gave a K d~3 0µM. Saturation transfer difference (STD) NMR using a non-hydrolysable substrate, Neu5,9Ac 2 -2-S-(α-2,6)-GlcNAcβMe, was also used to map the ligand interactions at the VCNA lectin binding site. It is well known that VCNA can hydrolyse both α-2,3-and α-2,6-linked sialic acid substrates. In this study using α-2,3-sialyllactose co-crystallised with VCNA it was revealed that the inhibitor 2-deoxy-2,3-didehydro-N-acetylneuraminic acid (Neu5Ac2en, DANA) was bound at the catalytic site. This observation supports the notion that VCNA can produce its own inhibitor and has been further confirmed by 1 
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Introduction
Cholera is an acute bacterial infection of the intestine caused by ingestion of food or water contaminated with Vibrio cholerae serogroups O1 or O139. All toxigenic strains of Vibrio cholerae have a neuraminidase (sialidase) encoded within a pathogenicity island in their genomes (1) . A specific role of the enzyme in pathogenesis is the removal of sialic acid from higher order gangliosides to reveal GM1, the receptor for cholera toxin (2) . The nanH gene, encoding the neuraminidase, is part of the nan-nag gene cluster that encode a series of enzymes that are potentially involved in the utilization of sialic acid released by the neuraminidase (1) . The enzyme may therefore also play a nutritional role to the bacterium by providing sialic acid as an alternative energy and carbon source (3) .
Structural studies on bacterial, viral and parasite-derived neuraminidases (4) (5) (6) (7) (8) (9) (10) have shown that there is a family of small enzymes (~40kDa) that consist of only the catalytic β-propeller domain, and a family of larger enzymes that possess, in addition, one or more carbohydrate-binding domains. A recent study on the mode of action of bacterial neuraminidases, has shown that those enzymes that possess additional domains are able to hydrolyse polyvalent substrates with far greater catalytic efficiency than their monovalent counterparts (11).
We previously reported the crystal structure of the 83kDa Vibrio cholerae neuraminidase (VCNA), a three-domain protein with a canonical six-bladed β-propeller neuraminidase domain flanked by two lectin domains (12) (Figure 1 ).
One lectin domain is at the N-terminus, and the other is inserted between the second and third 'blades' of the β-propeller. The lectin domains share the Here we report the X-ray structures of two complexes of VCNA with the substrates α-2,3-sialyllactose to 1.9Å, and α-2,6-sialyllactose to 1.6Å. These studies reveal that the N-terminal lectin domain binds the α-anomer of Neu5Ac (α-Neu5Ac). The number of direct and water-mediated interactions between sialic acid and the lectin domain, when compared with other sialic acid recognising proteins, suggest a high binding affinity for VCNA. Using a non-hydrolysable thiosialoside, Neu5,9Ac 2 -2-S-(α-2,6)-GlcNacβ1Me ( Figure   2 ), the affinity was measured as a K d~3 0µM by isothermal titration calorimetry (ITC). In order to explore the details of ligand recognition at the N-terminal lectin domain, we used saturation transfer difference (STD) NMR spectroscopy to map the ligand epitopes with the same thiosialoside used in the ITC experiment. In the α-2,3-sialyllactose complex, we found the neuraminidase inhibitor Neu5Ac2en is bound at the catalytic site suggesting that VCNA can synthesise its own inhibitor, as reported for the influenza virus neuraminidase (15), the Trypanosoma rangeli (16) and the Newcastle disease virus hemagglutinin-neuraminidase (9) . We also confirm this for VCNA by 1 Sialic acid recognition by Vibrio cholerae neuraminidase 5
Protein expression
E-coli HB101 transformed with the expression vector pCVD364 that produces VCNA was a gift from Prof. E.Vimr. The enzyme, retained in the periplasm, was purified as described previously using osmotic shock fluid method (17) . Because of the limited yield from the osmotic shock method, another vector, pET30 b(+), which expressed the enzyme in the cytoplasm and gave a higher yield was developed and used to transform E-coli 
Protein purification
The enzyme used in the NMR experiment and in the co-crystals of α-2,6-sialyllactose was obtained using the second vector. The purification protocol of the enzyme was the same for the two expressions: the enzyme was recovered from the shock fluid (or cell lysis) by precipitation with 50% (w/v) ammonium sulphate. The pellet was dissolved in the minimum volume of 10mM Tris-HCl pH 7.6, the undissolved material was removed by centrifugation and the clear sample was dialyzed exhaustively against the same buffer containing 100mM NaCl. The sample was then loaded onto a POROS HQ20 anion exchange column. The protein eluted from the column using a buffer system containing 20mM Tris-HCl pH 7.6 and 250mM NaCl. 
X-ray diffraction data collection and processing
Data were collected on beamline ID14-2 at the ESRF, Grenoble. All data were collected under cryogenic conditions using 20% glycerol in the crystallization buffer as a cryoprotector. Data were integrated and scaled using the HKL package (18) and converted into structural factor amplitudes with TRUNCATE (19). The crystals belong to the orthorhombic space group P2 1 2 1 2 1 . Data statistics are given in Table 1 .
Model building and refinement
The Molecular Replacement (MR) technique using AmoRe (20) Refinement statistics are summarized in Table 1 . The ligands were located in difference maps ( Figure 3 ). Four Ca +2 ions were located in both structures.
Water oxygen atoms were located using Water-Pick module in CNS: 943, and 686 water molecules were added to the α-2,3-sialyllactose, and α-2,6-sialyllactose complex structures respectively. Atomic coordinates for the α-2,3-sialyllactose and α-2,6-sialyllactose complexes have been deposited with the codes 1w0o and 1w0p.
H NMR to monitor the hydrolysis of α-2,3-sialyllactose
The hydrolysis of 10mM α-2,3-sialyllactose in the presence of 4.0mg/ml VCNA in 0.6ml of 50mM deuterated sodium acetate buffer (pH 5.5, uncorrected) containing 150mM NaCl and 10mM CaCl 2 was monitored by 1 H NMR spectroscopy over time on a 600MHz Brüker Avance spectrometer at 298K. Spectra were acquired with 128 scans, 32K of data points over a spectral width of 7200Hz with a relaxation delay of 2s. The optimum pH for activity of VCNA was reported to be between 5.5 and 6.0 (23) . A series of spectra were acquired (13 in total) after addition of the VCNA to the α-2,3-sialyllactose solution. Three initial spectra were acquired at 0.5h intervals and thereafter spectra were acquired each hour. Spectra of 10mM α-2,3-sialyllactose and 10mM Neu5Ac2en in the same buffer (50mM deuterated sodium acetate buffer (pH 5.5) containing 150mM NaCl and 10 mM CaCl 2 )
were acquired as control spectra.
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Saturation transfer difference (STD) NMR spectroscopy
Isothermal titration calorimetry
VCNA was produced using the new expression system as described earlier.
An 11mg/ml solution of VCNA was prepared in the ITC buffer composed of 
Results
The sialyllactose complexes
Apart from the positional displacement at the loops, Thr32-Ser39, Asn59-Pro64, Glu136-Arg141, and Trp606-Leu612, which required rebuilding during the refinement, the overall structures of the free (room temperature, 2.4Å resolution) and ligand-bound (frozen) enzymes are almost identical. 
Presence of the inhibitor Neu5Ac2en in the α-2,3-sialyllactose complex
The difference electron density map for the α-2,3-sialyllactose complex clearly showed the inhibitor Neu5Ac2en bound in the active site ( Figure 5 ). The 1.9Å resolution structure reported here gives refined details of the interactions at the active site and shows the importance of water molecules in mediating the binding. Figure 5 and Table 2 R free as R-factor but summed over a 10% test set of reflections.
5
<B> protein = mean B-factor for the main and side chain atoms of the protein. 
